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I. INTRODUCTION
Owing to their high acceleration gradients, laser wakefield accelerators 1, 2 (LWFAs) are considered as extremely compact high-energy electron beam sources, and great progresses have been achieved in the past few years [3] [4] [5] [6] [7] [8] [9] [10] [11] . The generation of high-energy electron beams up to 4.5 GeV from a capillary discharge waveguide 7 , as well as the two-stage coupling of independent LWFAs 8 , have made the LWFA even more 2 attractive in the production of all-optical x-ray 12 , -ray sources 10, 13 , and free-electron lasers 14 (FELs).
In theory, the LWFA offers great advantages with respect to conventional accelerators. However, the energy gain is limited by the laser depletion length and dephasing length 2 . The discharge capillary waveguide, as a plasma channel technique to guide laser pulses over long distances of several centimeters has been used in experiments to achieve a multi-GeV energy gain 3, 7, 15, 16 . The plasma channel is formed inside the waveguide after discharge and keeps the laser pulse focused when the matching condition is satisfied 2 . Two different varieties of discharge capillary have been used to generate such plasma channels: the ablative capillary 17 , which is generally made of polyethylene or acrylic, and easily obtained by mechanical processing 15, 16 ; and the gas-filled capillary 18 , which is made of high-melting-point materials such as sapphire 19 or diamond 20 . These high-melting-point gas-filled capillaries need to be laser-machined and generally have a fixed length after the processing. Furthermore, it is also difficult to stick the gasfilled capillaries together without any gas leaking and deformation. Therefore, they cannot be extended up to an arbitrary length easily by sticking together. On the contrary, the ablative capillary can be made in arbitrary lengths or easily extended to segmented forms 15, 21 for cascaded LWFA.
Although the ablative capillary is easily available, the characteristic breakdown jitter 22 of hundreds of nanoseconds that occurs during the discharge process leads to unstable discharges compared to the gasfilled capillary. Because the discharge mechanisms in both two kinds of discharge capillaries are different.
In the ablative capillary, the adsorbed gas plays an important role in the discharge, thus the remarkable jitter occurred in the discharge of ablative capillary may be due to the exhaustion of the adsorbed gas in the capillary inner wall surface. The discharge mechanism 23 in the ablative capillary can be attributed to the secondary electron emission avalanche (SEEA). In such a mechanism, electrons are emitted from the cathode triple junction and bombard the surface of the capillary, thus leading to desorption and ionization of the adsorbed gas. Then, some of the ions contribute to the enhancement of the electric field at the triple junction, which in turn causes an increase of the electrons emitted from the triple junction itself. The final result is desorption and ionization of more adsorbed gas. Afterwards, a regenerative process occurs and quickly leads to discharge in the capillary. Unlike the ablative capillary, the discharge in the gas-filled capillary is the result of direct ionization of the filled gas, which is easily and very quickly 18,24 . 3 Although the discharge mechanism is different in both two cases, the plasma channel formation processes are nearly the same, which is the result of the balance between Ohmic heating and cooling of the cold wall due to thermal conduction 18, 24, 25 . What the differences are the early stages in their plasma channel formation processes. In the gas-filled capillary, the plasma temperature increases as the discharge current increase and the filled gas begin to be ionized until fully ionization. During the further evolution, the plasma temperature achieves its maximum, and in this stage the balance of Ohmic heating and thermal conduction to the cold capillary wall gives a plasma temperature profile with its maximum on axis minimum on the wall. This monotonic radially distributed plasma temperature results in a minimum plasma density on axis, which gives a plasma channel formation 18, 24 . In the ablative capillary, once the discharge begins, due to the significant heating the inner wall of the capillary will be ablated and vapored firstly. Then as the discharge current increase, the plasma temperature also increases and the ablated and evaporated gas begin to be ionized, and the fast plasma compression occurs from the periphery to on-axis.
After a further evolution, owing to the balance of Ohmic heating and thermal conduction to the cold capillary wall, a plasma channel, which a parabolic density profile with minimum on-axis, is formed to guide the laser pulse 25 . Therefore, although the discharge mechanisms are different, the mainly plasma channel formation processes in both two cases are nearly the same except that the ablative capillary has processes of wall ablation and evaporation and plasma compression in the early stages.
Because of the fact that discharge of the ablative capillary is triggered by the ionization of the adsorbed gas in the inner wall and propelled by the ablation and evaporation of the inner wall. Therefore, after some repeated discharge processes, the inner wall of the capillary would become smooth and the adsorbed gas would also get exhausted, so that the discharge in the ablative capillary becomes unstable.
In order to improve the discharge instability and reduce the jitter in the ablative capillary, an additional igniting laser pulse is usually used in discharge experiments. The laser pulse is typically focused coaxially 22 (the axial laser ignition (ALI) method) or transversely 26 (the transverse laser ignition (TLI) method) into the capillary. In the ALI method, the focused laser is used to heat and evaporate the inner wall and the electrodes along the whole capillary. In the TLI method, a copper wire is placed in a hole that is manufactured perpendicularly to the capillary axis, and the laser is focused onto the top of the copper wire from the transverse direction to ionize the wire itself. Both methods produce the seed plasma for 4 breakdown and allow a reduction of the jitter. In particular, with the ALI and TLI methods the jitter is reduced to 5 ns and 17 ns, respectively. However, the ALI method enormously reduces the lifetime of the capillary, whereas the structure of the capillary in the TLI method is very complicated.
In this work, a hybrid capillary obtained by injecting a low-pressure hydrogen gas into a pure ablative capillary is proposed to supply the low-jitter capillary discharge channel for the LWFA. The filled Lowpressure hydrogen gas in the ablative capillary is used to replace the adsorbed gas layer and provide the seed plasma for the breakdown. After the trigger of the discharge, the low-ionization-threshold hydrogen will be first ionized to form the low-density seed plasma. With this kind of seed plasma filling the whole capillary, the breakdown can be further initialized, and then the inner wall of the capillary will be ablated and ionized, thus forming the plasma channel that guides the laser pulse.
This paper is organized as follows. In Sec. II, we mainly lay out the experimental setup, including the capillary discharge system and plasma density measurement system. In Sec. III, the discharge stability and discharge delay of the hybrid capillary in different gas pressures are firstly demonstrated. Then the on-axis plasma density is measured in different gas pressures. After that, the plasma channel and optical guiding experiments of one-segment and multi-segment hybrid capillaries are investigated. Finally, the conclusions are given in Sec. IV.
FIG. 1. Schematic diagram of the hybrid capillary and experimental setup.

II. EXPERIMENTAL SETUP
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As shown in Fig. 1 , the structure of the hybrid capillary is the same as the gas-filled capillary. Lowpressure hydrogen gas is injected into the capillary via two 500-m-diameter slots, which are located 1.5 mm away from each end of the capillary. The experimentally tested hybrid capillary was 60-mm-long with a diameter of 500 m and was made of polymethyl methacrylate (PMMA). Moreover, it could be possible to further increase the length of the capillary by adding multiple segments to a cascaded form.
The discharge circuit consisted of a 5.6 nF capacitor charged to a voltage between 24 kV and 30 kV. A spark gap switch, which was driven by the synchronized Nd:YAG laser pulse, was used to replace the thyratron in the discharge circuit to trigger the discharge 27 . The trigger pulse and the discharge current were monitored by a fast photodiode and an integrating current transformer (ICT), respectively, and the signals were recorded by a Tektronix-MDO3104 oscilloscope.
The hydrogen gas pressure inside the capillary was measured by a calibrated gas pressure transducer 27 (EPIH, Measurement Specialties). During the discharge process, the total plasma density was measured by Stark broadening effect of the H line with a spectrometer (1200 lines/mm grating) equipped with an intensified charge-coupled device (ICCD, Andor iStar 303i). The plasma emission spectra were collected longitudinally by two lenses (f =15 cm and 40cm) and imaged onto the entrance slit (10 m width) of the spectrometer. The width of the H spectral line was measured by scanning the time delay between the triggering laser pulse and the gate signal of the ICCD, and the width of the gate signal was 20 ns.
According to the Stark broadening effect, the plasma density can be further obtained by the formula 28, 29 , where is an experimental parameter and can be chosen as 30 for cm −3 and for cm −3 . Furthermore, the Stark broadening effect can also be used to measure the transverse plasma density distribution via the distinct measurement of the broadening of the H spectral line in the radial direction 15, 16, 26, 31 .
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Discharge stability measurement of the hybrid capillary
In order to compare the discharge breakdown jitter and the discharge stability of the pure ablative capillary and the hybrid capillary, the discharge time delay (DTD) and the accumulated discharge current 6 signals have been both investigated in 50 successive shots. In this context, the DTD represents the time difference between the triggering laser pulse and the beginning of the discharge process. In addition, during the whole discharge process, the applied voltage was kept constant at 24 kV. The results are shown in Fig. 2 . As can be noted from Fig. 2(a) , with no gas injection, the DTD of the pure ablative capillary remains almost constant (~125 ns) with low jitters in the first 20 shots; then, in the next 30 shots, it becomes very unstable and is affected by a dramatical jitter. In contrast, with 3.8-Torr-gas-pressure injection, the discharge processes in the hybrid capillary appear very stable and the DTD remains constant (~123 ns) and with low jitters for the whole duration of the 50 shots. This DTD is very close to the one of the pure ablative capillary, indicating that the discharge process in the hybrid capillary with 3.8-Torrhydrogen-gas injection is similar, but more stable, to the one in the pure ablative capillary. The physical mechanism that can possibly explain this phenomenon could be that the injected low-pressure gas in the hybrid capillary only plays the role of the adsorbed gas 23, 32 in the pure capillary and provides the seed plasma sources for the discharge breakdown. Once the SEEA occurs, the capillary inner wall is then ablated during the discharge process. The same result can also be obtained from the accumulated It is worth noting that with the gas injection, the jitters can be obviously decreased both in the new and in the excessively ablated capillaries. For the latter one, even if the gas is no longer injected, the jitters remain still very low for the next several shots (normally less than 3 shots). After that, the jitter would increase sharply again, returning back to the state of unstable discharge. This can be due to the fact that, though without any additional gas injection, the residual of the previously injected gas may adsorb on the inner surface of the capillary and contribute to the stability in the first several shots. Once the residual injected gas gets exhausted during the discharge process, the capillary with no gas-injection would return to the excessively ablated state.
Similar to the case in the ALI and TLI methods, the increase of the voltage applied to the capillary can shorten the DTD. For example, in the presence of the gas at a pressure of 3.8 Torr, the DTD decreases from ~123 ns to ~100 ns if a voltage of 28 kV is applied. Furthermore, the DTD of the hybrid capillary is 8 also influenced by the injected gas pressure. Fig. 3 shows the 50-shots averaged DTD, and the corresponding jitters, at different gas pressure when the applied voltage is 24 kV. It can be observed that, though low jitters are always achieved at different gas pressures, the DTD gets shortened as the gas pressure inside the capillary increases. This is explained from the fact that as the gas pressure increases, more seed plasmas are provided, and the regenerative process of the SEEA is further accelerated, leading to the shortening of the time delay. However, with the injection of higher-pressure gas, the hybrid capillary may tend to work as a gas-filled capillary, thus showing a further shortened DTD.
FIG. 3. 50-shots averaged DTD, and corresponding jitters, at different gas pressures in the case of 24-kV applied voltage.
B. On-axis plasma density measurement
Unlike the gas-filled or pure ablative capillary, the total plasma (TP) inside the hybrid capillary consists of two portions: the gas plasma (GP) and the ablative plasma (AP), which are produced by the ionization of the injected gas and the ablation of the inner wall, respectively. In order to quantitatively analyze the ratio of each source, TP and GP densities were measured in the hybrid capillary by means of a spectrometer and a calibrated gas pressure transducer, respectively. By measuring the gas pressure in the capillary with the transducer, the fully ionized GP density can be obtained by the ideal gas law 27 . For the sake of description, all the plasma densities mentioned in this subsection are on-axis plasma densities. Fig. 4 shows the temporal evolution of the measured TP density in the hybrid capillary with (red and blue dots) and without (violet dots) gas-injection. The applied voltage is 24 kV in both cases, and the temporal 9 evolution of the discharge current follows the black curve in Fig. 4 . Each point in the figure represents the average density of four shots under the same condition. It can be found that when no gas is injected, the hybrid capillary works as a pure ablated capillary and the TP density just equals the AP density, as shown by the violet curve. Due to the continuous ablation and ionization of the inner wall during the discharge process, the AP density increases from zero to about 2.0×10 18 cm −3 at the end of the first discharge oscillating period.
Once the gas is filled into the hybrid capillary, the TP density is comprised of the GP density and the AP density. Fig. 4 also shows the temporal evolutions of the TP density in the cases in which the gas pressure (fully ionized GP density) inside the capillary is 3. For the sake of comparison, the "ideal" TP density in both cases, calculated by the sum of the measured AP density (without gas injection) and the fully ionized GP density, was also showed in Fig. 4 in blue and red curves, respectively. It can be found that, when the gas pressure inside the capillary is 3.8 Torr, the measured TP density (red dots) increases along the AP density curve (without gas injection) in the range of ~120-300 ns. However, as the discharge current increases, the measured TP density stays higher than the AP density and well consistent with the "ideal" TP density curve (red curve) in the range of ~400-550 ns, which is also around the peak of the discharge current. This means that, in the case of a gas pressure of 3.8 Torr, the injected GP only takes a small portion of the measured TP and the major part is provided by the ablation of the capillary. In addition, the AP density in the hybrid capillary filled with low-pressure gas is almost the same as in the absence of gas. This behavior indicates that the low-pressure gas injected in the hybrid capillary only replaces the adsorbed gas in the inner wall surface, and the discharge process is still the same as in the pure ablative capillary. 10 
FIG. 4. Evolution of the measured (dots) and calculated "ideal" (curves) on-axis TP densities in the hybrid
capillary, in the cases of no gas injection (violet), 3.8-Torr-pressure gas injection (red), and 21.0-Torrpressure gas injection (blue).
However, when the gas pressure inside the hybrid capillary is increased to 21.0 Torr, the evolution of the measured TP density (blue squares) becomes more complicated, as shown in Fig. 4 . It is worth to note that, because the discharge current profile is mainly related to the applied voltage, so that the discharge current shape in different gas pressures under the same applied voltage is similar to each other except for the discharge delays, as shown in Fig. 3 . Therefore, in order to share one discharge current in Fig. 4 , we have shifted the data points in the case of 21.0 Torr in postprocess according to the discharge delay differences (~20 ns). It can be observed that the measured on-axis TP density increases along the AP density curve in the beginning, whereas it gradually gets closer to the "ideal" TP density curve (blue curve)
as the discharge current increases. This is because more hydrogen molecules are ionized as the discharge current increases; thus, the ionization produced GP density is comparable with the AP density in the pure capillary. With the time delay becomes about 820 ns, the GP density achieves its maximum and the measured TP density reaches its peak value of 2.34×10 18 cm −3 . After the peak, due to the recombination of the hydrogen ions, the measured TP density begins to decrease and goes back to the AP density again.
This evolution of the measured on-axis TP density is similar to the one observed in the gas-filled capillary 33, 34 . Unlike the low-pressure-gas case (3.8 Torr), in the high-pressure-gas case (21.0 Torr) the GP density is comparable with the AP one. Furthermore, the measured TP density is generally lower than the 11 "ideal" TP density in the case of high-pressure gas, which indicates that the ablation in the hybrid capillary is mitigated to a certain extent, and the hybrid capillary tends to work as a gas-filled capillary.
In the hybrid capillary, the lower limit of the TP density is the AP density, which is determined by the discharge current and the internal diameter of the capillary. For practical applications requiring a low plasma density, such as the multi-GeV laser wakefield electron acceleration, a low-pressure gas (< 3.8
Torr) can be injected into the hybrid capillary to stabilize the discharge process, while maintaining the AP density low (< 2.0×10 18 cm −3 ). As specified above, by adjusting the injected gas pressure in the hybrid capillary, the plasma density can be easily controlled, given the more flexibility of the hybrid capillary with respect to the pure ablative one.
C. Plasma channel and optical guiding investigation
Moreover, in order to investigate the plasma channel formation and optical guiding in the hybrid capillary, the transmittance of a guiding laser pulse passing through the capillary and the transverse total plasma density were measured. A laser pulse with duration of 45 fs, wavelength of 800 nm, and energy of 10 mJ was focused at the entrance of the hybrid capillary with a spot size of 45 m (radius at which the intensity drops to 1/e 2 of the peak value). A CCD camera was used to measure the energy and the spatial mode of the transmitted laser pulse at the exit of the capillary by an imaging system. By controlling the time delay between the triggering pulse and the femtosecond laser pulse, the temporal evolution of the laser transmittance during the discharge process was measured for the hybrid capillary (with 3.8 Torr gasinjection) and the gas-filled capillary (with 21.0 Torr gas-injection). The results obtained are shown in Fig.   5 (a). The laser transmittance here is defined as the ratio of the total intensity of a certain area (~ 150 m)
around the center at the exit of the capillary to the whole input focal spot intensity 35 . Similar to Fig. 4 , the data points in 21.0 Torr case have also been shifted in the postprocess. It can be found that, in the case of the hybrid capillary (red curve), the transmittance is below 10% at the beginning of the discharge, whereas it increases dramatically to above 90% as the discharge current achieves its peak. Moreover, the temporal window with a transmittance greater than 90% is ~580-730 ns. After the temporal window, the transmittance drops to below 10% again. In addition, the spatial mode of the transmitted laser was also detected in the case of hybrid capillary (with 3.8 Torr gas-injection), as shown in Fig. 5(c-h) . It can be seen that, when there is no discharge, as shown in Fig. 5(d) , the transmitted laser energy is mainly 12 distributed around the periphery and nearly without energy gathered in center, which lead to a low transmission (below 10%). When the discharge begins, as time goes on, the transmitted laser energy gathers slowly toward the center and after the temporal window, the transmitted laser energy begins to diffuse around again. Furthermore, in order to measure the matched spot size of the transmitted laser more accurately in the case of hybrid capillary, the transverse TP density distribution was also measured by means of the distinct measurement of the broadening of H spectral line in the radial direction, and the results is shown in Fig. 5(b) . It can be found that the parabolic plasma density distribution profile is formed during time delay of ~500-800 ns, which is agreement with the results of the laser transmission measurement and optical guiding measurement. In Fig. 5(b) , by fitting the transverse plasma density profile at ~700 ns (blue curve), a matched transmitted laser spot size can also be obtained to be about 65 m, which is almost agreement with the optical guiding measurement result and the formula , and by investigating the Stark broadening effect in radial direction, the corresponding matched spot size range is indicated to be ~63-68m. Therefore, by investigating the plasma channel formation and optical guiding in the case of the hybrid capillary, the plasma channel temporal window is measured to be ~580-730 ns and the corresponding matched spot size range is ~63-68 m.
For the case of gas-filled capillary, as shown in Fig. 5(a) by blue curve, the temporal evolution of the laser transmittance is similar to the hybrid one, except that the peak value is achieved about 180 ns earlier than the latter. This time difference may be attributed to the discharge time delay difference of both two cases and the differences of early stages in their plasma channel formation processes. This result is consistent with previous experiments 20, 36 . By combing the on-axis total plasma density in Fig. 4 (blue curve) and the matching formula above, the matched spot size in the case of gas-filled capillary is indicated to be ~67 m, where the on-axis TP density is ~ (~500 ns). Therefore, all the results indicate that the plasma channels in both cases can be developed during the temporal window, which is 13 long enough for laser guidance.
FIG. 5.
Temporal evolution measurement (a) of the laser transmittance, plasma channel evolution measurement (b) and optical guiding evolution measurement (c-h). The gas pressure inside the capillary in (b) and (c-h) is 3.8 Torr. By measuring the transverse total plasma density, the macheted spot size at ~700 ns time delay was obtained to be ~65 m.
D. Plasma channel investigation of two-segment capillary
Compared to the gas-filled capillary made of sapphire or diamond, the hybrid capillary can be easily extended to a longer length by adding multiple segments, as shown in Fig. 6(a) , where the structure of a two-segment (30 mm + 30 mm) hybrid capillary tested in our experiments is schematically represented.
The gas was injected into the capillary via the slots located 1.5 mm away from the ends of each segment and the gas pressures inside each segment can be controlled independently. With this combination, the length of the modular hybrid capillary is the same as the one of the single-segment capillary tested above.
14 In order to consistently investigate the laser transmittance in the modular capillary and compare it with that in the single-segment capillary, the injected gas pressure in both cases was the same. Fig. 6(b) shows the transmittance evolutions of the laser passing through the modular capillary in the cases of 3.8 Torr gasinjection (red curve) and 21.0 Torr gas-injection (blue curve). Similarly, the data points in Fig. 6 (a) in 21.0 Torr case have also been shifted in the postprocess. By comparing the results in Fig. 6 (b) with those in Fig. 5(a) , it can be found that the laser transmittance curves in the modular capillary are quite similar to the ones in the single-segment capillary, both in low-pressure and high-pressure cases. This result demonstrates the feasibility of the modular hybrid capillary and the consistency with the single-segment one. Therefore, the hybrid capillary can be extended to multiple segments easily without changing the plasma density distribution and plasma channel formation.
FIG. 6. Structure of the modular capillary comprised of two segments tested in experiments (a) and transmittance evolution of the (b) laser passing through the modular capillary during the discharge process (black curve), in the cases of gas injection at 3.8 Torr (blue curve) and 21.0 Torr (red curve).
IV. CONCLUSIONS
In conclusion, we have proposed a hybrid capillary, which is formed by injecting low-pressure hydrogen 15 (< 3.8 Torr) into a pure ablative capillary. By investigating the DTD and discharge current signals of the hybrid and pure ablated capillaries, it can be found that the DTD (~123 ns with ~5 ns jitters) and discharge processes in the hybrid capillary with 3.8 Torr gas-injection are more stable than in ablative capillaries. In order to analyze the ratio of the GP density and the AP density in the hybrid capillary in the cases of lowpressure (3.8 Torr) and high-pressure (21.0 Torr) gas injection, a spectrometer and a calibrated gas transducer have been used to measure the TP and GP densities, respectively. The results show that, in the case of low-pressure gas injection, the measured TP density is mainly provided by the inner wall ablation of the capillary, and the AP density in this case is almost equal to that in the pure ablative capillary under the same applied voltage. This indicates that the injected low-pressure gas in the hybrid capillary only replaces the adsorbed gas in the pure ablative capillary; thus, the discharge process does not change.
However, in the high-pressure gas injection case, the hybrid capillary tends to behave as a gas-filled capillary. Furthermore, in order to investigate the channel formation and matched spot size in the capillary, the laser transmittance evolutions in the cases of the hybrid capillary (at low pressure) and gas-filled capillary (at high pressure) are measured. The results indicate that, the channels in both cases can be developed during temporal windows (~150 ns duration), which is long enough for laser guidance.
Moreover, during the plasma channel temporal window, by measuring the spectral broadening of H spectral line in the radial direction, the controllable plasma density range and the corresponding matched spot size range are investigated to be ~ -and ~63-68m, respectively.
This controllable plasma density range is very promising for laser wakefield acceleration. Besides, laser transmittance curves for a two-segment capillary are also measured for different pressures of the gasinjection, and the results are similar to the ones obtained in the single-segment capillary. Therefore, the hybrid capillary combines the advantages of the pure ablative capillary and the gas-filled capillary. Not only the hybrid capillary has a stable-discharge process and a long lifetime, but it can also be extended to a longer length (such as 10-cm-scale long) by adding multiple segments. All these characteristics make the hybrid capillary an attractive proposal for the GeV-scale, or even for multi-GeV-scale laser wakefield acceleration. 
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